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7) ABSTRACT

The present invention generally relates to apparatus and
methods for obtaining absolute values of concentrations of
chromophores of a medium and/or absolute values of their
ratios. In particular, the present invention relates to continu-
ous wave spectroscopic optical systems and methods for
determining the absolute values of deoxygenated and/or
oxygenated hemoglobins and their ratios in a physiological
medium. The optical system typically includes (1) a source
module optically coupling with the medium and irradiating
into the medium multiple sets of electromagnetic waves with
different wave characteristics, (2) a detector module opti-
cally coupling with the medium and detecting electromag-
netic waves, and (3) a processing module operatively cou-
pling with the detector module, and determining the absolute
values of the concentrations and the ratios thereof from
multiple wave equations applied to the source and detector
modules. The processing module is designed to obtain such
absolute values by a method typically including the steps of
(1) obtaining multiple sets of wave equations, (2) eliminat-
ing source-dependent and detector-dependent parameters
therefrom to obtain a set of intermediate equations, (3)
providing a correlation between medium-dependent and
geometry-dependent parameters and the chromophore con-
centrations or ratios thereof, (4) incorporating the correla-
tion into the set of intermediate equations, and (5) obtaining
the absolute values of the chromophore concentrations and
ratios thereof.
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SYSTEM AND METHOD FOR MEASURING
ABSOLUTE OXYGEN SATURATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation-in-part
application of U.S. non-provisional patent application
entitled “A System and Method for Absolute Oxygen Satu-
ration,” Ser. No. 09/664,972, filed on Sep. 18, 2000.

FIELD OF THE INVENTION

[0002] The present invention generally relates to appara-
tus and methods for determining absolute values of various
properties of a physiological medium. In particular, the
present invention relates to non-invasive optical systems and
methods for determining absolute values of concentrations
of oxygenated and deoxygenated hemoglobins (and/or their
ratios). The present invention also relates to apparatus and
methods for obtaining such absolute values by solving
generalized photon diffusion equations and their simplified
variations such as modified Beer-Lambert equations.

BACKGROUND OF THE INVENTION

[0003] Near-infrared spectroscopy has been used for non-
invasive measurement of various physiological properties in
animal and human subjects. The basic principle underlying
the near-infrared spectroscopy is that physiological tissues
include various highly-scattering chromophores to the near-
infrared waves with relatively low absorption. Many sub-
stances in a physiological medium may interact or interfere
with the near-infrared light waves that propagate there-
through. Human tissues and cells, e.g., include numerous
chromophores such as oxygenated hemoglobins, deoxygen-
ated hemoglobins, water, cytochromes, and lipids, where the
hemoglobins are the dominant chromophores in the spec-
trum range of 700 nm to 900 nm. Accordingly, the near-
infrared spectroscopy has been applied to measure oxygen
levels in the medium such as tissue hemoglobin oxygen
saturation (abbreviated as “oxygen saturation” hereinafter)
and total hemoglobin concentrations. Various techniques
have been developed for the near-infrared spectroscopy, e.g.,
time-resolved spectroscopy (TRS), phase modulation spec-
troscopy (PMS), and continuous wave spectroscopy (CWS).

[0004] The TRS technology is based on operational prin-
ciples such as pulse-time measurements and pulse-code
modulation. In particular, it measures a time delay between
an entry and an exit of electromagnetic waves to and from
the physiological medium. Typically, the TRS applies to the
medium an impulse or pulse sequence of electromagnetic
waves having a duration in the order of a few pico-seconds.
Photon diffusion encodes tissue characteristics not only in
the timing of the delayed pulse received by a detector, but
also in the received intensity time profile. Therefore, instead
of receiving a “clean” replica of the transmitted pulse, the
return signals are spread out in time, and have greatly
reduced amplitudes. Accordingly, the TRS measures the
intensity of the return signals over a finite period of time,
which is long enough to detect an entire portion of the
delayed return signals. Based on such shape changes and
amplitude attenuation of the input impulse or pulse, different
times of arrival of photons and the mean time delay between
the light (or wave) source and detector are used to obtain the
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tissue absorption and tissue scattering through, e.g., decon-
volution of the return signals. Information on the tissues
traversed (such as optical pathlengths and their changes) is
then readily obtained. Details of the TRS technology are
provided, for example, in D. A. Boas et al., Proc. Natl. Acad.
Sci., vol. 91, p. 4887 (1994); R. P. Spencer and G. Weber,
Ann. (N.Y.) Acad. Sci., vol. 158, p. 3631 (1996); and J.
Sipior et al., Rev. Sci. Instrum., vol. 68, p. 2666 (1997), all
of which are incorporated herein by reference for back-
ground.

[0005] The PMS technology employs phase-modulated
electromagnetic waves irradiated by the wave source and
transmitted through the physiological medium. Typical
examples of PMS include homodyne systems, heterodyne
systems, single side-band systems, and other systems based
on transmitter-receiver cross-coupling and phase correction
algorithms. Like TRS, PMS systems monitor the intensities
of the attenuated electromagnetic waves. In addition, it is
necessary for the PMS system to measure frequency-domain
parameters, such as phase shift of the electromagnetic waves
which is independent of the wave intensities. Based on such
time-domain and frequency-domain information, PMS sys-
tems determine spectra of an absorption coefficient and/or
scattering coefficient of the chromophores of the medium,
and calculate absolute values of the hemoglobin concentra-
tions. Details of the PMS technology are provided, for
example, in U.S. Pat. No. 5,820,558 and a technical article
by B. Chance et al. in Rev. Sci. Instrum., vol. 69, p. 3457
(1998), both of which are incorporated herein by reference
in their entirety.

[0006] By contrast, CWS systems employ electromagnetic
waves that are non-impulsive and not phase modulated. That
is, CWS systems apply to the medium electromagnetic
waves having at least substantially identical amplitude over
a measurable period of time. On the detection side, CWS
systems only measure intensities of the irradiated and
detected electromagnetic waves and does not assess any
frequency-domain parameters thereof.

[0007] In a homogeneous and semi-infinite medium
model, both of the TRS and PMS have been used to obtain
spectra of an absorption coefficient and (reduced) scattering
coefficient of the physiological medium by solving a photon
diffusion equation, and to calculate the absolute values of the
concentrations of oxygenated and deoxygenated hemoglo-
bins as well as tissue oxygen saturation. Despite their
capability of providing such absolute values of the hemo-
globin concentrations and the oxygen saturation, one major
drawback of TRS and PMS is that the TRS equipment
requires a pulse generator and detector and that the PMS
needs additional hardware and signal processing capabilities
to determine frequency-domain parameters. Accordingly, in
practice both TRS and PMS systems are bulky and expen-
sive. To the contrary, the CWS may be manufactured at a
lower cost because all it needs to do is to perform intensity
measurement. However, prior art CWS technology was
limited in its utility because it can only provide the relative
values or changes in the oxygenated and deoxygenated
hemoglobin concentrations. Therefore, the conventional
CWS cannot estimate the tissue oxygen saturation from such
changes in the hemoglobin concentrations. Thus, there is a
need for novel CWS systems and methods for measuring
absolute value of concentrations of the hemoglobins and the
oxygen saturation in the physiological medium.
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SUMMARY OF THE INVENTION

[0008] The present invention generally relates to appara-
tus and methods for obtaining the absolute values of con-
centrations of chromophores of a medium and/or absolute
values of their ratios. More particularly, the present inven-
tion relates to non-invasive optical systems and methods
based on continuous wave spectroscopy (CWS) methods for
determining absolute values of concentrations of the oxy-
genated and deoxygenated hemoglobins and their ratios in a
physiological medium.

[0009] In general, wave propagation or photon migration
in a medium is described by a generalized photon diffusion
equation:

I=a By 1,-e-Bo LG} (1)

[0010] where “I,” is a system variable representing an
intensity of the electromagnetic waves or photons (e.g., in
the near-infrared ranges) irradiated by a wave source and
where “I” is another variable denoting an intensity of the
electromagnetic waves detected by a wave detector. Param-
eter “a” is generally associated with the wave source and
medium and accounts for, e.g., characteristics of the wave
source such as irradiation power and configuration thereof,
mode of optical coupling between the wave source and
medium, and/or optical coupling loss therebetween. Param-
eter “B” is generally associated with the wave detector and
medium and accounts for, e.g., characteristics of the wave
detector such as detection range and sensitivity, optical
coupling mode between the wave detector and medium, and
associated coupling loss. Parameters “a” and “f” may also
depend upon, to some extent, other system characteristics
and/or optical properties of the medium, including those of
chromophores included therein. Parameter “y” may be either
a proportionality constant (including, e.g., 1.0) or a system
parameter which may change its value according to the
characteristics of the wave source, wave detector, chro-
mophores, and/or medium. Parameter “B” generally
accounts for lengths of optical paths of photons or electro-
magnetic waves traversed through the medium, and is pre-
dominantly determined by the optical properties of the
medium. However, an exact value of parameter “B” may
also depend on the characteristics of the wave source and/or
detector as well. A typical example of such parameter “B” is
conventionally known as a path length factor. It is noted that
the parameter “B” may also take the value of 1.0 where the
generalized diffusion equation (1) is approximated to the
Beer-Lambert equation. To the contrary, parameter “L” is
generally geometry-dependent and accounts for a (linear)
distance between a particular wave source and a matching
wave detector operatively coupled to each other. Parameter
“8” may be either a proportionality constant (including, ¢.g.,
1.0) or a system parameter that may depend on the charac-
teristics wave source, wave detector, and/or medium. Param-
eter “e;” accounts for an optical interaction and/or interfer-
ence of photons or electromagnetic waves with an i-th
chromophore included in the medium. It is noted that,
depending upon the definition and value of the parameter
“d”, the parameter “e,” may represent an extinction coeffi-
cient, an absorption coefficient, a scattering coefficient,
and/or a reduced scattering coefficient of the medium or the
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chromophores included therein. Variable “C,” represents
concentration of the i-th chromophore included in the
medium, and parameter “0” is either a proportionality
constant (including, e.g., 0.0) or a parameter which may be
associated with the wave source, wave detector, and/or
medium.

[0011] Tt will be appreciated that while the system vari-
ables such as “I” and “I,” are functions of time only, other
system parameters have constant values which are deter-
mined by the characteristics of the wave source, wave
detector, physiological medium, and chromophores included
therein. Therefore, the generalized diffusion equation (1) is
a function of time and is independent of or at least substan-
tially insensitive to frequency-domain parameters, such as
the frequency and phase angle of the electromagnetic waves.
Despite the numerous parameters of the generalized photon
diffusion equation (1) and various modified versions thereof
as will be described in greater detail below, the optical
systems and methods disclosed in this invention enable the
direct determination of absolute values of the chromophore
concentrations and/or ratios thereof.

[0012] 1In one aspect of the present invention, a method is
provided to solve a set of wave equations applied to an
optical system having at least one wave source and at least
one wave detector. Photons or electromagnetic waves are
irradiated by the wave source, transmitted through the
physiological medium including at least one chromophore,
and detected by the wave detector. The wave equation, ¢.g.,
the generalized diffusion equation (1), expresses the inten-
sity of electromagnetic waves detected by the wave detector
(i.e., “I”) as a function of system variables (e.g., “I,” and
“C/) and system parameters (e.g., “a,”“B,”“y,”“B,”“L,”d,
7“g;,” and “0”). The method generally includes the steps of
obtaining one or more sets of equations by applying the
wave equation to the optical system capable of irradiating
multiple sets of electromagnetic waves having different
wave characteristics, eliminating the source-dependent
parameter (e.g., “a”) and detector-dependent parameter
(e.g., “p”) therefrom to obtain a set of intermediate equa-
tions, providing at least one correlation of chromophore
concentrations (and;/or their ratios) with medium-dependent
and geometry-dependent parameters (e.g., “B” and “L,”
respectively), incorporating the correlation into the set of
intermediate equations, and obtaining an expression for
absolute values of the concentrations of the chromophores
(and/or ratios thereof) in terms of the correlation, intensities
of electromagnetic waves (e.g., “I"” and “I,”), and medium-
or chromophore-dependent parameters (e.g., “€”). The
method also includes the steps of determining a value of the
correlation from a known geometric arrangement between
the wave source(s) and detector(s), experimentally measur-
ing the intensities of the electromagnetic waves (i.e., “1”
and“l,”) determining values of medium- or chromophore
dependent parameters (i.e., “€’s”), and determining the
absolute values of the concentrations of the chromophores
(and/or ratios thereof) therefrom.

[0013] This embodiment of the present invention offers
several benefits over the prior art CWS technology, which is
capable of measuring only the changes (i.e., differential or
relative values) in the chromophore concentrations. In par-
ticular, the foregoing as well as the following embodiments
of the present invention allow determination of such values
and/or ratios only by measuring the intensities of the elec-
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tromagnetic waves irradiated by the wave source and
detected by the wave detector. Accordingly, the present
invention does not require bulky, complex, and/or expensive
electronic parts to measure temporally perturbed pulse sig-
nals of a short duration (as used in TRS) and to assess
frequency-domain parameters of the electromagnetic waves
(as used in PMS). For example, the embodiments of the
present invention provide direct means for assessing the
“absolute values” of the chromophore concentrations as well
as their ratios in various physiological media, e.g., tissues or
cells in organs, muscles, and/or body fluids. In addition, as
will be described in detail below, the foregoing method of
the present invention can be readily applied into optical
probes having any arbitrary number of wave sources and/or
detectors arranged in any arbitrary configuration. Further-
more, the foregoing embodiment of the present invention cal
also be applied to any optical probes of conventional optical
imaging systems including any number of wave sources and
detectors arranged in any arbitrary configurations. Thus, the
foregoing method allows construction of optical systems
customized to specific clinical applications without compro-
mising their performance characteristics.

[0014] Embodiments of this aspect of the present inven-
tion may include one or more of the following features.

[0015] The generalized diffusion equation (1) may be
applied to an optical system with at least one wave source
and at least one wave detector:

Ly = Qi Py - Loy - @B lomSLier iy} 2)

[0016] where the subscripts “m” and “n” represent an m-th
wave source and an n-th wave detector, respectively.

[0017] The method may include the steps of applying
equation (2) to the optical system to obtain a first and a
second set of equations, eliminating at least one of o, p,,
v, 0, and o from the first and second set of equations by
performing mathematical operations thereon to obtain a
third set of equations, providing at least one theoretically-
derived, semi-empirical or empirical correlation between the
concentrations of the chromophores (or ratios thereof) and
one or more terms of the third set of equations including B,
and/or L, incorporating the above correlation into the third
set of equations to replace such terms thereby, and obtaining
an expression for the absolute values of the concentrations
of the chromophores (and/or ratios thereof) based on the
measured values of I, and I, and known values of ¢;’s.

[0018] The foregoing method may also include the steps
of applying the optical system to the physiological medium
such as cells of organs, tissues, and body fluids, and deter-
mining the absolute values of the chromophore concentra-
tions (and/or their ratios) directly from the experimentally
measured values of I, and I, , and known values of ¢;’s.
The measuring step may include an additional step of
monitoring concentrations of oxy-hemoglobin and/or
deoxy-hemoglobin, and/or a ratio thereof such as, e.g.,
(tissue) oxygen saturation.

[0019] The foregoing method may also include the step of
determining presence of tumor cells in a finite area of the
medium or determining a presence of an ischemic condition
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as well. In the alternative, the foregoing method may also
include the steps of applying the foregoing optical system to
the physiological medium including transplanted cells of
organs and/or tissues and measuring absolute values of the
chromophore concentrations (or their ratios) based on the
measured values of I, and 1, , and known values of ¢;’s.
For example, the method may be used to determine presence
of an ischemic condition in the transplanted organs and
tissues during or after surgical procedures.

[0020] The applying step of the foregoing method may
include the step of irradiating the first and second set of
electromagnetic waves which can be preferably distin-
guished by the wave detector due to their different wave
characteristics. For example, different sets of the electro-
magnetic waves may have different wavelengths (or fre-
quencies), phase angles, harmonics, and/or a combination
thereof. Therefore, in the irradiating step, the first set of
electromagnetic waves are irradiated at a first wavelength,
while the second set of electromagnetic waves has a second
wavelength that is different from the first wavelength.

[0021] The eliminating step of the foregoing method may
include the step of deriving at least one first ratio of two
wave equations both of which are selected from one of the
first and second sets of the equations. The wave equations
may be applied to the same wave source but to different
wave detectors, thereby eliminating o, v, and o from the
first ratio. Alternatively, the wave equations may be applied
to two different wave sources but to the same wave detector,
thereby eliminating 3, v, and o from the first ratio. The
eliminating step may also include the step of deriving at least
one second ratio of two wave equations both of which are
selected from the other of the first and second sets of the
equations. A sum of or a difference between the first and
second ratios may also be obtained so as to eliminate at least
one of o, and B,. In the alternative, the eliminating step may
include the step of approximating both parameters “y” and
“9” as a unity.

[0022] The providing step of the foregoing method may
include the step of providing a formula of the medium-
dependent and geometry-dependent parameters as a poly-
nomial, sinusoid or other functions of the chromophore
concentrations (and/or ratios thereof). Such a formula may
also include a zero-th order term. Alternatively, the medium-
dependent and geometry-dependent parameters may be
approximated as a constant.

[0023] 1In another aspect of the present Invention, an
optical system is provided to determine absolute values of
concentrations of chromophores and/or ratios thereof in a
physiological medium. The optical system typically includes
a source module, a detector module, and a processing
module. The source module irradiates, into the medium, two
or more sets of photons or electromagnetic radiation having
different wave characteristics. The detector module detects
the electromagnetic waves which are transmitted through the
medium. The processing module operatively couples with
the detector module and determines an absolute value of the
concentration of the chromophores and/or ratios thereof
from electromagnetic radiation irradiated from and detected
by the source and detector modules, respectively, where
such determination is based only on the intensity measure-
ment of continuous wave electromagnetic radiation. It is
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noted that the source and detector modules are preferably
designed to operate in a continuous-wave spectroscopy
(CWS) mode.

[0024] This embodiment of the present invention offers
several benefits over the prior art near-infrared spectroscopy
technologies such as conventional CWS, TRS, and PMS. As
discussed above, the prior art CWS can measure only
relative values of or changes in the concentration of the
chromophores. Therefore, the conventional CWS can nei-
ther provide the absolute values of the chromophore con-
centrations nor the ratios thereof such as (tissue) oxygen
concentration. By contrast, the optical monitoring or imag-
ing systems based on the present invention operating in the
CWS mode can measure the absolute values of the chro-
mophore concentrations (and their ratios) and provide
images of two-dimensional or three-dimensional distribu-
tion of such absolute values. In addition, because the optical
systems of the present invention only require intensity
measurement of the electromagnetic radiation (I, and 1, )
without having to process the frequency-domain character-
istics, they can be provided as cheap, portable, but reliable
devices. In addition, when the foregoing systems of the
present invention may be readily modified and applied to the
conventional TRS and PMS technologies for improved
accuracy and lower cost.

[0025] Embodiments of this aspect of the present inven-
tion may include one or more of the following features.

[0026] The wave source may be arranged to irradiate
electromagnetic waves which can be preferably distin-
guished by the wave detector due to their different wave
characteristics. For example, different sets of the foregoing
electromagnetic waves may have different wavelengths (or
frequencies), phase angles, harmonics or their combination.
For example, the first set of the electromagnetic waves may
have a first wavelength and a second set of said electromag-
netic waves may have a second wavelength which is differ-
ent from the first wavelength. In the alternative, the first set
of electromagnetic waves may be carried by a first carrier
wave and the second set of electromagnetic waves may be
carried by a second carrier wave which has wave charac-
teristics different from those of the first carrier wave, e.g.,
different wavelengths, phase angles, harmonics, etc. It is
appreciated that different wave characteristics of the elec-
tromagnetic waves are necessary for the wave detector only
to obtain multiple intensity signals (i.e., I, and I mea-
sured at different wavelengths) over the same sampling area
of the medium. However, such different wave characteristics
are not directly used to determine the absolute values of the
chromophore concentration and/or their ratios.

[0027] The processing module preferably includes an
algorithm to determine the absolute values of the chro-
mophore concentrations (or their ratios) based on various
system variables and/or parameters, e.g., the intensity of the
electromagnetic waves irradiated by the source module,
intensity of the electromagnetic waves detected by the
detector module, and one or more system parameters
accounting for interaction or interference of electromagnetic
waves and/or photons with the medium.

[0028] The wave equations may include at least one term
which is substantially dependent on the optical properties of
the medium (i.e., medium-dependent) and/or on configura-
tion of the source and detector modules (ie., geometry-
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dependent). Examples of such term may include, but not
limited to, “B” and “L” of equation (1) or “B,,,” and “L,,,”
of equation (2). The algorithm of the processing module may
include at least one correlation expressing a first function of
the term as a second function of the chromophore concen-
trations (and/or ratios thereof). The second function may be
any analytic function, e.g., a polynomial of the concentra-
tions and/or ratios thereof. Alternatively, the algorithm may
also be arranged to approximate the second function as a
constant.

[0029] The source module may include at least one wave
source, and the detector module may include at least two
wave detectors. Alternatively, the source module may
include at least two wave sources, while the detector module
may include at least one wave detector. It is preferred,
however, that both of the source and detector modules
include, respectively, at least two wave sources and at least
two wave detectors.

[0030] In one aspect of medical application of the present
invention, the foregoing optical systems and methods there-
for may be used to measure the absolute values of concen-
trations of oxygenated and deoxygenated hemoglobin and/or
their ratio. Such optical systems will be beneficial in non-
invasively diagnosing ischemic conditions and/or locating
ischemia in various organs and tissues. For example, the
optical system may be used to prognose or diagnose stroke,
cardiac ischemia or other physiological abnormalities origi-
nating from or characterized by abnormally low concentra-
tion of oxy-hemoglobin. Accordingly, presence of cancerous
tumors may be easily detected. In addition, the optical
systems and methods of the present invention may be
applied to tissues or cells disposed in epidermis, corium, and
organs such as a lung, liver, and kidney.

[0031] In another aspect of the medical application of the
present invention, the foregoing optical systems and meth-
ods therefor may be applied to measure the absolute values
of the concentrations of oxy- as well as deoxy-hemoglobins
to diagnose vascular occlusion during or after various sur-
gical procedures including organ transplantation. In general,
prognosis of organ transplantation depends on adequate
supply of oxygenated blood to transplanted organs during
and post surgical procedure. The optical systems and meth-
ods of the present invention may be applied to detect
vascular occlusion in transplanted heart, lung, liver, and
kidney in its earliest stage.

[0032] 1In a further aspect of the medical application of the
present invention, the foregoing optical systems and meth-
ods may be applied to assess absolute properties of the
substances included in the physiological medium. Examples
of such substances may include, but not limited to, concen-
trations (or their ratios) of blood, lipids, cytochromes, water,
and/or other chromophores in the medium.

[0033] The foregoing systems and methods of the present
invention may be employed for various applications, e.g.,
non-invasively disposed on the medium or, alternatively, to
be invasively disposed on an internal medium.

[0034] As used herein, a “hemoglobin” or “hemoglobins™
refer to oxygenated hemoglobin and/or deoxygenated hemo-
globin. In addition, the “hemoglobin,”*hemoglobins,” and/
or “values of hemoglobins” represent properties of such
“hemoglobins.” Examples of such properties may include,
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but not limited to, amount or concentration thereof, total
amount or total concentration thereof which corresponds to
the sum of each amount or concentration of the oxygenated
and deoxygenated hemoglobins, respectively.

[0035] A “chromophore” refers to any substance in a
physiological medium optically interacting with photons or
electromagnetic waves transmitting therethrough. Chro-
mophore generally includes solvents of a physiological
medium, solutes dissolved in such a medium, and/or other
substances included in the medium. Specific examples of
such chromophores may include, without limitation, cyto-
chromes, enzymes, hormones, neurotransmitters, chemo- or
chemical transmitters, proteins, cholesterols, apoproteins,
lipids, carbohydrates, cytosols, cytosomes, blood cells,
water, hemoglobins, and other optical materials present in
animal or human cells, tissues or body fluid. Chromophores
also include extra-cellular substances which may be injected
into the medium for therapeutic and/or imaging purposes
and may interact with electromagnetic waves. Such chro-
mophores may include, without limitation, dyes, contrast
agents, and other image-enhancing agents, each of which
may exhibit optical interaction with electromagnetic waves
having wavelengths in a specific range.

[0036] “Electromagnetic waves” as used herein generally
refer to acoustic or sound waves, near-infrared rays, infrared
rays, visible light rays, ultraviolet rays, lasers, and/or rays of
photons.

[0037] “Property” of the chromophores may mean inten-
sive or extensive property thereof. Examples of such inten-
sive property may include, but not limited to concentration
of the chromophore, a sum of such concentrations, and a
ratio thereof. Examples of extensive property may include,
without limitation, volume, mass, weight, volumetric flow
rate, and mass flow rate of the chromophores.

[0038] The term “value” is an absolute value of the
chromophore property. The term “value” may also refer to a
relative value representing spatial or temporal changes in the
property of the chromophores including deoxygenated and
oxygenated hemoglobins.

[0039] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood and/or used by one of ordinary skill in the art to
which this invention belongs. Although methods and mate-
rials similar or equivalent to those described herein can be
applied and/or used in the practice of or testing the present
invention, suitable methods and materials are described
below. All publications, patent applications, patents, and
other references mentioned herein are incorporated by ref-
erence in their entirety. In case of conflict, the present
application, including definitions, will control. In addition,
the materials, methods, and examples are illustrative only
and not intended to be limiting.

[0040] Other features and advantages of the invention will
be apparent from the following detailed description, and
from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] FIG. 11is a schematic diagram of a sample optical
system having two wave sources and two wave detectors
having identical near-distances and far-distances according
to the present invention;
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[0042] FIG. 2 is a schematic diagram of another sample
optical system having two wave sources and two wave
detectors having different near-distances and far-distances
according to the present invention;

[0043] FIG. 3 is a schematic diagram of yet another
sample optical system having two wave sources and four
wave detectors according to the present invention;

[0044] FIG. 4A is a plot of simulated values of G (i.e., a
ratio of F,; to F,) at different wavelengths as a function of
oxygen saturation according to the present invention;

[0045] FIG. 4B is another plot of simulated values of G at
different wavelengths as a function of oxygen saturation
according to the present invention;

[0046] FIG. 4C is yet another plot of simulated values of
G at different wavelengths as a function of oxygen saturation
according to the present invention;

[0047] FIG. 5 is another plot of calculated oxygen con-
centration versus true oxygen saturation in a medium with a
different background scattering coefficient and total hemo-
globin concentration according to the present invention;

[0048] FIG. 6 is a time-course plot of total hemoglobin
(HbT) concentration, oxygenated hemoglobin (HbO) con-
centration, and deoxygenated hemoglobin (Hb) concentra-
tion according to the present invention;

[0049] FIG. 7 is a time-course plot of oxygen saturation
according to the present invention;

[0050] FIG. 8 is a schematic diagram of an optical imag-
ing system according to the present invention,

[0051] FIGS. 9A and 9B are images of blood volume of
normal and abnormal breast tissues, respectively, both of
which are measured by the optical imaging system of FIG.
8 according to the present invention; and

[0052] FIGS. 10A and 10B are images of oxygen satu-
ration of normal and abnormal breast tissues, respectively,
both of which are measured by the optical imaging system
of FIG. 8 according to the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0053] The present invention relates to optical systems and
methods thereof for determining absolute values of proper-
ties and/or conditions of a physiological medium. In par-
ticular, the following description provides various embodi-
ments of optical systems and/or methods for determining the
absolute values of concentrations of the hemoglobins (both
of deoxy- and oxy-hemoglobin) and oxygen saturation (a
ratio of oxy-hemoglobin concentration to total hemoglobin
concentration which is a sum of the concentrations of
deoxy-hemoglobin and oxy-hemoglobin) in a physiological
medium. For these purposes, the following description pro-
vides novel methods for solving Beer-Lambert equations,
generalized photon diffusion equations, and/or modified
versions thereof. In addition, the description discloses vari-
ous embodiments of optical imaging systems incorporating
such methods. It is appreciated that the following methods
and systems based thereon may be applied to determine
absolute values of concentrations, their ratios, and/or vol-
umes of other chromophores of the tissues and cells of the
physiological medium.
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[0054] 1In one aspect of the invention, a novel method is
provided to solve the modified Beer-Lambert equation and/
or the photon diffusion equation applied to an optical system
including a source module and a detector module. The
source module and detector module generally include,
respectively, at least one wave source and at least one wave
detector. However, it is generally preferred that the source
and detector modules include at least two wave sources and
two wave detectors, respectively.

[0055] As described hereinabove, equation (1) is the gen-
eralized governing equation for describing migration of
photons or propagation of electromagnetic waves in a
medium:

1:a-ﬁ-y-Io-e“BMZi[SiCi""’ 18]

Ky y??

[0056] 1t is appreciated that the system parameters “y” and
“d” may have the value of 1.0 and “0” may be 0.0. One
simplified version of equation (1) may be obtained when the

parameters “y” and “d” are approximated as a unity:

I = II',B- [o.g"BLZi(giCi)*‘T; (Sa)

[0057] The conventional “photon diffusion equation™ has
the same form as equation (3a):

I1=S-D-1, e BLLie G4 (3b)

[0058] where “S” corresponds to “o” of equation (3¢) and
generally accounts for characteristics of the wave source
such as irradiation power and geometric configuration
thereof, mode of optical coupling between the wave source
and medium, and/or associated optical coupling loss ther-
ebetween, “D” corresponds to “a” of equation (34) and
generally accounts for characteristics of the wave detector
such as detection sensitivity and range, mode of optical
coupling between the wave detector and medium, and/or the
associated coupling loss, and “A” corresponds to “8” of
equation (3«) which may be either a proportionality constant
or a parameter associated with the wave source, wave
detector, and/or medium. It is again noted that both “I_” and
“I” are functions of time only and preferably independent of
frequency-domain frequency-domain parameters such as
frequency and phase angle of such waves. It is also appre-
ciated that the wave sources and detectors preferably operate
in the CWS mode, ie., the wave sources irradiate non-
impulsive electromagnetic waves which have at least sub-
stantially identical amplitude over a measurable period.
Therefore, the most preferred profile of the electromagnetic
waves irradiated by the wave sources is a step-function (i.e.,
L u(t)) of which the characteristics are determined solely by
their intensity (i.e., 1)) but not by the frequency-domain
parameters. However, as long as the irradiated waves are
non-impulsive, such waves can take the form of a single step
(e.g., Iou(t)-I u(t-ty), where t, represents a duration longer
than a temporal sensitivity threshold of the wave detector. In
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the alternative, the irradiated waves may be a step-train
comprised of a series of steps which have at least substan-
tially identical amplitudes.

[0059] For illustration purposes, an exemplary optical
system may include, e.g., two wave sources (S1 and S2)
each emitting electromagnetic waves of wavelength &, and
two wave detectors (D1 and D2) arranged to detect at least
a portion of such electromagnetic waves. Applying the
photon diffusion equation (3b) to each pair of the wave
sources and detectors of the exemplary optical system yields
the following set of equations:

Ihpr =15} S1D187831D1(Z:ig‘%1 C"']L“D”A a)
Iy = 1415y Dze’B“”(Zﬁl Jtsypa+a (4b)
1§;D, = [’;21 slee’BSZDl(Z‘.S?Z Cs]LSZDﬁA (4¢)
L, = 115Dy e’Bsznz(Z‘??l CE]L521)2+A (4d)

[0060] where the superscript A, denotes that various vari-
ables and parameters are determined at the wavelength of ;.

[0061] A simple mathematical operation may eliminate at
least one system parameter from the equations (44) to (4d).
For example, the source coupling factors such as S, and S,
may be canceled therefrom by taking the first ratio of the
equation (4a) to (4b) and by taking the fourth ratio of the
equation (4d) to (4c). Logarithms of the first and second
ratios are then taken to yield what are conventionally termed
as “optical densities” (i.e., OD,™ is defined as a logarithm of
Taips Meins 2 and 0D, defined as a logarithm of Tgyp,™/

IszD1M):

A

I} D

A SiDI 1 A A A
ODI1 = ln_l’\l = ln_Dz + (BS}DZLSIDZ = BS}DILSJDJ) E & ! C;
SiD2 i

()

2 Igglpg Dy i X X (5b)
oD, = == lnD_l +(BsipsLszps - B&%DZLSZDZ)Z ¢
$2D1 i

[0062] Tt is appreciated that the optical densities are gen-
erally insensitive to exact modes of optical coupling
between the wave source and the physiological medium. It
is further appreciated that such optical densities solely
depend on the intensities of the detected electromagnetic
waves. Therefore, the optical densities are functions of time
only and generally are independent of or at least substan-
tially insensitive to the frequency-domain parameters.

[0063] Other system parameters may also be eliminated
through reformulating the above equations (5a) and (5b).
For example, the terms including the detector coupling

factors, D, and D,, may be canceled by adding equation (5a)
to (5b):
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0D = 0D\ + 0D = 1 Y 1C; (62)
[0064] where
Fhl:(ﬁllez)hlleDz—BS1D1)\1L51D1)+(B52D1)\1[52D1_
BSZDZ LSZDZ) (Gb)

[0065] As manifest in equation (6b), F* is primarily deter-
mined by configurations of the wave sources and detectors
(i.e., “L’s” which are predominantly “geometry-dependent”
and which account for distances between each pair of a wave
source and a wave detector) as well as the path length factors
(i.e., “B’s” which are predominantly “medium-dependent”
and which are determined by the optical properties of the
physiological medium and/or electromagnetic waves).

[0066] Equations (6a) and (6b) may be applied to the
physiological medium in order to obtain quantitative physi-
ological information such as concentrations of the chro-
mophores and/or their ratios. Numerous substances con-
tained or suspended in the medium may be capable of
interacting or interfering with photons or electromagnetic
waves impinging or propagating therethrough. However, in
many physiological media, hemoglobins such as deoxygen-
ated and deoxy-hemoglobin (Hb) and oxygenated or oxy-
hemoglobin (HbO) are the chromophores of the most physi-
ological interests. Applying equations (6a) and (6b) to such
physiological medium yields:

oph
Fu

(7a)

= 3181 C: = £, [HB] + £}y [HbO]

i

[0067] where [Hb] and [HbO] respectively represent con-
centrations of Hb and HbO.

[0068] By arranging the wave sources, S1 and S2, or
additional wave sources, e.g., S3 and S4, to irradiate a
second set of electromagnetic waves having a wavelength 2.,
which is different from the wavelength ., a companion
equation of the equation (7a) is obtained as follows:

(7b)

oD% b 2 2
- Z £2C; = £, [Hb] + &30 [HbO)

i

[0069] Accordingly, mathematical expressions of two sys-
tem variables [Hb] and [HbO] can be readily derived from
an algebraic system of equations (74) and (7b) as follows:

n 0D, oD (82)
EHbO = EHpO N
LHb) = A A2 2 M
EHpEHLO ~ EHLEHPO
y 0Dy, OD' (80)
Cb o, T CHb
[Hbo) = —F2 P71

L A
1 > M
EHbEHb0 ~ EHbEHRO
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[0070]

FM:(QS1D2ML51D2‘Bs1D1ML51D1)+(BszD1ML52D1‘
Bszp7'Lsopa) (8)

[0071] and

sz:(gle;qL51D2_BS1D1}V2L51D1)+(BS2D1}\2LS2D1_

Bsypa Lsono) (84
[0072] Expressions of other physiological properties or
indices may also be derived from the above equations. For
example, oxygen saturation (SO,) is a frequently used index
for diagnosis of ischemic conditions and generally defined
as a ratio of concentration of oxy-hemoglobin to total
concentration of hemoglobins (i.e., [HbT]=[HbJ+[HbO]):

where

_[HPO) _ [HbO) Ga)
50 = [HDT] ~ [Hb] + [HbO]

[0073] Incorporating equations (8a) and (8b) to equation
(9a) yields a following formula for the oxygen saturation as
a function of the extinction coefficients (€’s), optical densi-
ties (OD’s), and medium/geometry-dependent factors, F*
and F*:

y 0D PN, (9b)
"3Hb—0m1 ™ ~EHp
502 = A
(s’ll _ )OD 2 E +(8,12 _8/12)
o~ EH0 ) N T HbO ~ €Hb
[0074] The extinction coefficients of the oxy- and deoxy-

hemoglobins measured at different wavelengths 2, and X,
can be obtained from the literature or from a separate
measurement. As will be explained in greater below, the
medium/geometry-dependent factors F** and F*2 can also be
obtained empirically, semi-empirically or theoretically.
Therefore, the absolute values of the concentrations of the
deoxygenated and oxygenated hemoglobins, [Hb] and
[HbO] respectively, can be obtained by plugging into the
equations known values of extinction coefficients (e’s),
experimentally measured optical densities (OD’s), and
readily obtainable values of medium/geometry-dependent
factors, F* and F*. In addition, the absolute value of the
tissue oxygen saturation (SO,) can also be directly deter-
mined from the absolute values of [Hb] and [HbO]. In short,
the optical systems and methods of the present invention
allow the determination of the absolute value of the hemo-
globin (and other chromophores) concentrations and/or their
ratios solely by measuring the intensities of the electromag-
netic waves irradiated by the wave sources and those of the
electromagnetic waves detected by the wave detectors.

[0075] It is noted that estimation of F* and F** is not
straightforward because the path length factors including
such terms usually depend on specific types of the physi-
ological medium as well as optical or energy characteristics
of electromagnetic waves or photons. One way of estimating
or approximating the values of F* and F* is to assume that
F*, F, or their ratio may only marginally depend on
background optical properties and configurations of the
wave sources and detectors. It is believed that these assump-
tions are fairly accurate in linear optical processes such as



US 2002/0058865 Al

migration of photons or propagation of electromagnetic
waves in the physiological media.

[0076] Once the correlations of the ratio of F** to F* with
oxygen saturation is obtained for different physiological
media by simply measuring the optical properties thereof,
such correlations may be incorporated into equations (3a),
(8b), and (9b), and the absolute values of [Hb], [HbO],
and/or oxygen saturation may be obtained. In particular, a
ratio of F* to F may be approximated, e.g., as a polynomial
of oxygen saturation as follows:

N ool 10
:E=Z%50§=ao+a1502+a250%+a3503+... (10)

=0

[0077] where coefficients of each term (i.¢., @y, Oy, Oy, O3
.. ) may be obtained by, e.g., theoretical derivation, semi-
theoretical estimation or numerical method best-fitting
experimental data obtained between the values of G and
oxygen saturation. By incorporating the formula for G of
equation (10) into equation (9b), the absolute value of the
oxygen saturation may be obtained from known values of
the extinction coefficients (i.e., “e;’s”) and experimentally
measured optical densities (i.¢., “OD’s”) as follows:

ay OD'2 & P2 (11
‘SHlb—IZ ;S0 - &f,
=0

S0, =

(3/}4117 - Sblbo)

[0078] By plugging into equation (11) the values of extinc-
tion coeflicients (€’s), coeflicients of the correlation such as
equation (10), and experimentally measured optical densi-
ties (OD’s), Equation (11) can be generally solved numeri-
cally. However, an analytical expression for the oxygen
saturation may also be obtained when only a few first terms
of the polynomials are adopted so as to approximate G,i.e.,
the ratio of F* to F*2. Other methods may also be applied to
approximate G. For example, G may be estimated as a
function of [Hb] and/or [HbO], although it is noted that the
accuracy of this estimation may depend on the one-to-one
correspondence between G and [Hb] and/or [HbO]. Alter-
natively, G may further be approximated as a constant as
well. This approximation may be a reasonable assumption
when F™ and F are relatively constant or tend to vary in
proportion to each other according to different values of
[Hb], [HbO], and/or oxygen saturation. In the alternative,
the value of “L.__” may be varied by manipulating geometric
configuration of the wave sources and detectors so as to
render G stay constant or vary in a pre-determined manner.

[0079] Similarly, each of F* and F** may be approximated
as a function of [Hb], [HbO], and/or oxygen saturation. In
the alternative, F*° * and F** may also be assigned specific
values which may best approximate the optical system
and/or the physiological medium of interest. By taking the
simplest approach of approximating F* and F* to be a unity,
the absolute values of [Hb], [HbO], and oxygen saturation
may be obtained as follows:
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A2 A M ')
Ehpp 0D — £,5,00D™2 (12a)
4 A 0 A
EubCHbo ~ HLEHBO

[Hb] =

glop™ -2 oph (12b)
Ay A

LHbO) = Mo Ay 2 A
EHLEHKO ~ EHPEHBO

2
M oD M (12¢)
Ho oty SHb
u oA 0Dy 2
(SHlb - ‘BHlbO)_O DU + (SHiO - ‘9H2b)

50, =

[0080] In this embodiment, oxygen saturation (SO,) can
be determined solely by the known values of the extinction
coefficients (e’s) and experimentally measured optical den-
sities (OD’s).

[0081] Tt is noted that [Hb], [HbO], and/or oxygen satu-
ration obtained from the equations (12a) to (12¢) (and/or
other approximation methods described hereinabove) may
be less accurate than those obtained from equations (8a),
(8b), and (9b). Nevertheless, as long as the foregoing
assumptions hold valid, one-to-one correlations may be
expected between the true values of [Hb], [HbO], and
oxygen saturation and those obtained from approximating
equations (12a) to (12¢). Such correlations may be deter-
mined once the optical properties of the physiological
medium are known. For example, extinction coefficients,
absorption coefficients, and/or scattering coefficients of the
physiological medium (or those of the chromophores) may
be determined for [HbT] and oxygen saturation. With known
optical properties, oxygen saturation may be estimated at
different levels of [HbT] through simulations of the diffusion
equations and/or through experiments. Equations (12¢) and
(12b) may then be used to back-calculate [HbT], and a
correction function can be calculated which correlates the
calculated [HbT] with the true [HbT]. Similar or identical
approach may be applied to calculate correction functions
for [Hb] and/or [HbO] as well. It is noted that these methods
may be applied to different physiological media (e.g., dif-
ferent human or animal subjects) to assess different optical
properties and, therefore, to obtain different correction func-
tions.

[0082] Tt is appreciated that the foregoing methods are
applicable to any optical system and physiological media
where migration of photons or propagation of electromag-
netic waves may be reasonably described by the generalized
governing equation (1). It should be noted that the parameter
eliminating step of the foregoing methods may be applicable
regardless of the specific numerical values assigned to the
parameters “y” and “8”. For example, y can be eliminated by
taking ratios of equation (4a) to (4b) and equation (4d) to
(4c), and 67 can be eliminated by taking the ratio of F*
to F™2, In addition, the foregoing method may also be readily
applicable to any modified versions of the governing equa-
tion (1) where the optical interaction or interference of the
medium is described by the absorption coefficient, scattering
coefficients, and/or reduced scattering coefficient of the
chromophores and/or the medium. For example, by assign-
ing an adequate value and unit to parameter “y,” such
modified equations can be converted into equations substan-
tially similar or identical to the governing equation (1).
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Therefore, it is manifest that the foregoing methods may be
deemed universal for solving the governing equation (1) for
the chromophore concentrations and/or their ratios.

[0083] Tt is further appreciated that the absolute values of
the chromophore concentrations (or their ratios) may be
obtained by variations of the foregoing methods. For
example, the detector coupling factors, D; and D,, may first
be eliminated from equations (44) to (4d) by taking the third
ratio of the equation (4a) to (4¢) and the fourth ratio of the
equation (4d) to (4b) as follows:

A A
Il It Sc
OD/;1 =In ilm :lni—]1 +lns—i + ©e)
I52p; Is “
1 1
(BgmLszm - BS}D]LSJDJ)Z 16
7
2 2
I I3 5 5d
oD}l = /S\ZDZ :ln% +In= + G
1 1 S1
sip2 Is;

1 ol 2 A
Ay} 2 i i
(B/1 DzLS]DZ - BS2D2L52D“) & C

i

[0084] Similar to equations (5a) and (5b), this variational
method yields optical densities OD,* and OD,* which are
substantially insensitive to the coupling mode between the
wave detector and the medium. By adding equation (5¢) to
(5d), the logarithmic ratios (i.¢., one ratio of intensities of the
electromagnetic waves irradiated by the wave sources and
another ratio of the source coupling factors, S; and S,) also
cancel each other, yielding:

0D} = 0D}t + 0Dy = Fit 3 &/1Cy (6c)
[0085] where

F34M=g352D1MLsle‘ﬁsmlMLsml)‘*

(B51D2 1L51D2_B52D2 1LSZDZ) (6d)
[0086] By applying equations (6c) and (6d) to the physi-

ological medium including oxy- and deoxy-hemoglobins,
following equation (7c) is obtained:

(7o)

A
OD5j

Le) S1C; = &)L [HB] + &)L, [HbO]
34 i

[0087] Similarly, a companion equation of equation (7c)
may be obtained by applying the second set of electromag-
netic waves having a wave length A,:

(7d)

Ay
oD}
S E £2C; = &)L [Hb] + £\ [HBO]

s

[0088] Thus, by solving equations (7¢) and (7d), math-
ematical expressions of two system variables [Hb] and
[HbO] can be obtained as follows:
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3 3
o OD3} A 0D (8e)
HO 3 ~ EHbO
Fii Fi}
(] = 1 L 4
EHbEHp0 ~ EHbEHb
A2 AL
i 0Dy o ODs4 (86
Ho =&
I i Fil
[Hb0] = A A 1 A
EHpEHDO ~ EHDEHPO
[0089] where
F34}\1=(1352D1}\]L52D1_BSlDl}\lLS1D1)+(BSID2)~1L51D2_
Bsops Lsopa) 89
[0090] and
F34}\2=)\1(BS2D1}\2LSZD1_BSlDl}\2LS1D1)+(BSID2)~2L51D2_
BSZDZ ZLSZDZ) (Sh)
0091] The oxygen saturation may then be expressed as:
Y& y p
i
L ODRRL (%)
He 1 o, b
oDy} 13}
50, = Ao Ap
N (OD3g Fil RS P
(SHb - Syw)—ll E + (Sﬂbo — )
ODsy F3j
0092] Other variations of the foregoing methods leadin,
going g

to equations (9b) and (9¢) may also be used as long as they
are designed to eliminate system parameters and to ulti-
mately express [Hb], [HbO], and/or oxygen saturation in
terms of known or measurable system variables or param-
eters such as, e.g., the experimentally measured optical
densities, known values of the extinction coefficients, and/or
other geometry-dependent parameters readily determined by
the actual geometry of the source-detector arrangement.

[0093] Tt is further appreciated that the foregoing method
of the present invention allows the wave sources to irradiate
multiple sets of electromagnetic waves which have different
wave characteristics through various different embodiments.
The simplest arrangement may be to provide two wave
sources (such as S1 and S2), where each source is designated
to irradiate the electromagnetic waves having different
wavelengths, phase angles, and/or harmonics.

[0094] For example, the optical monitoring and/or imag-
ing systems operating in the CWS mode include the wave
sources preferably irradiating non-impulsive and non-phase-
modulated electromagnetic waves which have at least sub-
stantially identical amplitudes over a minimal measurable
period. Similarly, the wave detectors of CWS systems only
perform the intensity measurement of the electromagnetic
waves on a continuous basis. It is appreciated that such
intensity measurement may also be performed on an inter-
mittent basis as long as the wave detector can detect the
waves for a period of time sufficient to detect the intensities
thereof. Thus, the wave sources of the CWS systems do not
have to irradiate continuous electromagnetic waves.

[0095] Alternatively, each wave source may also be
arranged to irradiate substantially identical signal waves
which are, however, superimposed on different carrier
waves. In yet another alternative, a single or each wave
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source may be arranged to irradiate multiple sets of elec-
tromagnetic waves intermittently, sequentially or simulta-
neously as long as different sets of electromagnetic waves
can be identifiable by one or more wave detectors. Similar
arrangements may also be applied to the wave detectors as
well. For example, two wave detectors (D1 and D2) may be
provided where each detector is designated to detect only a
single set of electromagnetic waves. Alternatively, a single
or each wave detector may detect multiple sets of electro-
magnetic waves with different wave characteristics on an
intermittent, sequential or simultaneous mode. Because the
foregoing systems and methods of the present invention
allow these various arrangements, they can be readily incor-
porated into any conventional spectroscopy such as the TRS,
PMS, and CWS.

[0096] In another aspect of the invention, an over-deter-
mined numerical method is provided to solve the modified
Beer-Lambert equation and/or the photon diffusion equation
applied to an optical system including a source module and
a detector module, where at least one of the source module
and detector module may be arranged to irradiate or detect
more than two sets of electromagnetic waves. By arranging
an optical system to provide “more equations” than “the
number of system variables” of interest, resulting extra
equations may be utilized for other purposes, e.g., (i) to
enhance the accuracy of estimated values of system vari-
ables (e.g., chromophore concentrations or their ratios), (i)
to determine system parameters (e.g., “c,,” B, V,”“B .,
L 40,746, "“0” or other parameters such as absorp-
tion and scattering coefficients of the medium and/or chro-
mophores) or (iii) to provide correlations between the
medium- and/or geometry-dependent parameters of the
equations (1) or (3b) and the system variable(s) and/or other
system parameters.

[0097] In the first embodiment, the extra equations may be
used to obtain multiple values of the chromophore concen-
trations (and/or their ratios). It is expected that discrepancies
may exist, at least to some extent, among the estimated
values of the concentrations (and/or their ratios). Such
discrepancies may be attributed to inherent idiosyncracy of
each pair of the wave sources and detectors. Alternatively,
the discrepancies may also arise from a non-homogeneous
medium having regional variations in optical properties.
One way of taking advantage of different values of the
concentrations of the chromophores (and/or their ratios) may
be to average such values to obtain an arithmetic, geometric
or logarithmic average to reduce random or systematic
errors and to improve accuracy. Alternatively, each mea-
sured value may be weight-averaged by an appropriate
weight function which may account for, e.g., geometric
configuration of the wave source and detector assembly.

[0098] In the second embodiment, correlations between
the medium- and/or geometry-dependent parameters of the
equations (1) or (3b) and the chromophores concentrations
(or their ratios) may be obtained from those extra equations.
For example, when G (ie., the ratio of FM to F™) is
approximated as a polynomial of oxygen saturation accord-
ing to the equation (10), each coefficient of the polynomial
may be assigned an initial value which is then improved by
iterative techniques employing a conventional numerical
fitting method. In addition, the extra equations may also be
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used to find the correction functions between the approxi-
mated and true values of oxygen saturation, [Hb], and/or
[HbO].

[0099] Furthermore, the extra equations may also be used
to estimate system parameters (e.g., “o, "“B..”“y,”“B
Lm0, €4,”“0,” and/or other system parameters such
as absorption coefficients and/or scattering coefficients of
the medium and/or chromophores). For example, a forward
numerical scheme may be used to estimate absorption and
reduced scattering coefficients of the physiological medium
and/or chromophores included therein. As described here-
inabove, migration of photons and propagation of electro-
magnetic waves in the medium can be described by the
diffusion or transport equation. Assuming that the medium is
semi-infinite and homogeneous, following equation may
describe an intensity of electromagnetic waves detected by
a j-th detector:

mn?

I; ijx=s i)\Dj)\q)(r ! jﬂaaﬂs) (13)

[0100] where S; generally denotes a source coupling
parameter accounting for, e.g., characteristics of an i-th
wave source such as irradiation power and configuration
thereof, mode of optical coupling between the i-th wave
source and medium, and/or coupling loss therebetween, and
where D; is a detector coupling factor generally accounting
for characteristics of a j-th wave detector, mode of optical
coupling between the j-th wave detector and medium, and
the associated coupling loss therebetween.

[0101] A symbol “¢” represents a forward numerical
model simulating measurement for a given pair of a wave
source and detector. Parameters “u.” and “u” represent,
respectively, an absorption coefficient and (reduced) scat-
tering coefficient. When the optical system includes, e.g., a
total number of Ng wave sources and N, wave detectors,
equation (13) can be expressed in a matrix form as follows:

o o (14)

Ing = Ing g

S{DYBL. 1. Has 44) 1D 801, Py Has 1)

Sk DY(rngs s bhas ) =+ Sy Dy $(rivgs Ty s bas B)

[0102] It is appreciated that all system variables, I;(i=1, .
.. Ngand j=1, ... Ng), are functions of time and preferably
independent of or at least substantially insensitive to the
frequency-domain parameters. Each side of the equation
(14) is divided by the first column of each matrix:

. ling, D//}/D B(re, i, ey 1Y) (15)
1 DY glri, 11, tan 1)
Ing np Dy 0w Fapys Har M)
- p o TNy Has

Ing.1 DY -4 i e 15)
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[0103] Each row of the matrices of equation (15) is then
divided by the first row of each matrix to yield matrices A
and B:

1 1 (16)

Ing, Np

Ing1

B

Plrwg, I Har 1) 9L, gy, Has Hy)
PUivg s T1s fhay ) - SUL 11 flas )

[0104] As manifest in equation (16), both of the matrices
A and B are functions of the absorption and reduced scat-
tering coefficients and do not depend on the source- and
detector-coupling parameters such as S; and D;. Accordingly,
by minimizing the difference between A and B (i.e., ||A-B|)),
the best estimates of the absorption coefficient and (reduced)
scattering coefficient may be numerically obtained by con-
ventional curve-fitting methods. After estimating the absorp-
tion and reduced scattering coefficients, [Hb], [HbO], and
oxygen saturation may be obtained by the following set of
formulae:

Ao A A Ay
[Hb] = Erboka — EhpoMa (72)
T L A
EupCHbo ~ EHbEHDO

Ehis® = £ (17b)
[Hb0) = = ————~—
1Ay Ay
EHbEHHO ~ EHBEHDO
o, O] _ S’ — St (17c)
2= TTh A4 A A A A A A
[HO] + [HbO] (Eﬁzboﬂal - SHlboMaZ) + (‘91-1117#!72 —EHEMGI)
[0105] Tt is noted that the foregoing over-determined

method may be applied to the optical systems with at least
two wave sources and three wave detectors, at least three
wave sources and two wave detectors, or three wave sources
and three wave detectors. In the alternative, the over-
determined method may equally be applied to the optical
systems where a single or each wave source or detector has
the capability of irradiating or detecting multiple sets of
electromagnetic waves, respectively.

[0106] Ttis appreciated that the foregoing over-determined
method may be incorporated into any conventional numeri-
cal schemes. For example, a forward, backward or hybrid
model may be applied to determine, e.g., an extinction
coefficient, absorption coefficient or scattering coefficient of
the physiological medium (or the chromophores included
therein). Such models may also be applied to estimate the
absolute values of the concentrations of the chromophores
(and/or ratios thereof). It is noted, however, that the results
obtained by such numerical models generally include errors
associated therewith. Such inherent errors may be mini-
mized by employing numerical models with the error terms
of the second or higher order. However, such models may
have a major drawback of requiring rigorous numerical
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computations. Accordingly, the accuracy and efficiency of
each numerical model must be considered in selecting an
appropriate model.

[0107] In yet another aspect of the invention, an optical
system is provided to solve a set of wave equations and to
determine absolute values of the concentrations of the
chromophores (and/or ratios thercof) contained or sus-
pended in a physiological medium. An exemplary optical
system may include a body, a source module including at
least one wave source, a detector module having at least one
wave detector, and a processing module. The source module
is supported by the body, optically couples with the physi-
ological medium, and irradiates into the medium at least two
sets of electromagnetic waves having different wave char-
acteristics. The detector module is also supported by the
body, optically couples with the medium, and detects elec-
tromagnetic waves transmitted through the medium. The
processing module operatively couples with the detector
module, solves a set of multiple wave equations, and deter-
mines the absolute values of the chromophore concentra-
tions and/or ratios thercof.

[0108] In general, the processing module includes an
algorithm which is arranged to solve the foregoing equations
(1) or (3b) or their modified versions. For example, one or
more of the foregoing methods may be incorporated into
hardware or software or implemented into a microprocessor.
Accordingly, the absolute values of the chromophore con-
centrations (and/or their ratios) can be calculated from, ¢.g.,
experimentally measured intensity of the electromagnetic
waves irradiated by the wave source, experimentally mea-
sured intensity of the electromagnetic waves detected by the
wave detector, and at least one system parameter which may
account for an optical interaction or interference between the
electromagnetic waves and the medium. The algorithm of
the processing module may include one or more functions or
correlations expressing the medium- and/or geometry-de-
pendent term(s) of the foregoing wave equations as a
function of the chromophore concentrations (or their ratios).
The algorithm of the processing module may be capable of
executing the over-determined method described herein-
above. In addition, the processing module and algorithm
thereof may be modified to operate in the TRS and PMS
modes.

[0109] The source module may include at least one wave
source and the detector module may include at least two
wave detectors. Alternatively, the source module may
include at least two wave sources while the detector module
may include at least one wave detector. It is preferred,
however, that the source and detector modules include,
respectively, at least two wave sources and at least two wave
detectors.

[0110] As described hereinabove, the foregoing methods
of the present invention are rather insensitive to actual
configuration of wave sources and detectors. Accordingly.
the optical monitoring and imaging systems of the present
invention may include any number of wave sources and/or
detectors arranged in any arbitrary configuration. However,
a few source-detector configurations may be preferred to
obtain the absolute values of the chromophore concentra-
tions (and/or their ratios) with better accuracy, reliability,
and reproducibility.

[0111] In one exemplary embodiment, multiple wave
sources and wave detectors may be arranged so that near-
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distances between each pair of the wave source and detector
are at least substantially identical. For example, for the
source module including a first and a second wave source
and the detector module including a first and a second wave
detector, a first near distance between the first wave source
and the first wave detector may be arranged to be substan-
tially similar to a second near-distance between the second
wave source and the second wave detector. In addition, a
first far-distance between the first wave source and the
second wave detector may be arranged to be substantially
similar to a second far-distance between the second wave
source and the first wave detector. It is appreciated that such
an embodiment is not necessary for every single pair of the
wave sources and detectors. For example, when the source
module has M wave sources and the detector module has N
wave detectors (M and N are integers greater than 1), at least
two of M wave sources and two of N wave detectors may be
arranged so that a distance between an M, -th wave source
and an N;-th detector is substantially similar to that between
an M,-th wave source and an N,-th wave detector, and that
a distance between the M;-th wave source and the N,-th
wave detector is substantially similar to that between the
M,-th wave source and the N,-th wave detector, where M,
and M, are both integers between 1 and M, and where N;
and N, are both integers between 1 and N.

[0112] Such an embodiment is typically realized by the
wave sources and detectors arranged substantially sym-
metrically, e.g., those arranged substantially linearly along a
straight line. FIG. 1 is a schematic diagram of a sample
optical system having two wave sources and two wave
detectors having identical near-distances and far-distances
according to the present invention. It is first appreciated that
the source-detector arrangement of FIG. 1 satisfies the
identical near-distance and far-distance configuration. For
example, the first near-distance between the wave source S;
and detector D, is identical or substantially similar to the
second near-distance between the wave source S, and detec-
tor D,. In addition, the first far-distance between the wave
source S; and detector D, is identical or substantially similar
to the second far-distance between the wave source S2 and
detector D;. An advantage of satisfying such configurational
limitation lies in the observation that electromagnetic waves
are substantially uniformly transmitted, absorbed or scat-
tered throughout the entire target area or target volume of the
medium (refer to banana-shaped paths of the electromag-
netic waves in the figure). Therefore, the photos or electro-
magnetic radiation uniformly covers all regions of the target
area of the medium and, therefore, enhances the accuracy as
well as reliability of the output signal (e.g., an improved
signal-to-noise ratio) generated by the wave detector. As will
be demonstrated in the following Examples, the foregoing
linear arrangement of the wave sources and detectors has
provided the absolute values of the concentrations of oxy-
genated and deoxygenated hemoglobins and oxygen satu-
ration with great accuracies. It is also appreciated that not all
wave sources and/or detectors have to be arranged linearly.
For example, the wave sources and wave detectors may be
arranged not linearly but substantially symmetrically with
respect to a line of symmetry and/or a point of symmetry. As
long as such symmetric configuration is maintained by the
wave sources and wave detectors, the identical near-distance
and far-distance requirements are automatically met

[0113] In another exemplary embodiment, multiple wave
sources and detectors may be arranged in an asymmetrical
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configuration that does not satisfy the identical near-distance
and far-distance requirements. FIG. 2 is a schematic dia-
gram of another sample optical system with two wave
sources and two wave detectors having different near-dis-
tances and far-distances according to the present invention.
As manifest in the figure, both the near- and far-distances of
the source-detector pairs are different. In addition, the
banana-shaped paths of the electromagnetic waves (see the
figure) reveal that each source-detector pair covers different
portions of the target area in different depths. Thus, such
source-detector arrangement allows detection of the electro-
magnetic waves absorbed or scattered through different
regions of the target area in different depths.

[0114] In yet another exemplary embodiment, the forego-
ing symmetric and asymmetric embodiments can be realized
in a single wave source-detector arrangement. FIG. 3 is a
schematic diagram of yet another sample optical system
having two wave sources and four wave detectors according
to the present invention. It is appreciated that not every
source-detector pair satisfies the identical near- and far-
distance configuration of FIG. 1. For example, although the
first and fourth wave detectors (D, and D,) as well as the
second and third wave detectors (D, and D,) have the
identical near- and far-distances from the wave sources (S,
and S,), such near- and far-distances are different for the first
and third wave detectors (D, and D) or the second and
fourth wave detectors (D, and D) with respect to the wave
sources (S; and S,). Therefore, by selectively coupling
appropriate wave source with wave detector and by irradi-
ating and detecting the electromagnetic waves thereby,
either symmetric or asymmetric source-detector arrange-
ment can be attained. Another advantage of such an embodi-
ment is that such a source-detector arrangement allows
multiple scanning of a given target area of the medium. For
example, the area positioned under the second wave detector
(D,) can be scanned by, e.g., six different source-detector
pairs such as S;-D;-D,-S,, S;-D;-Ds-S,, S;-D;-D,-S,,
S$,-D,-D;-S,, S;-D,-D,-S,, and S;-D;-D,-S,. Accordingly,
the accuracy of the resulting absolute value of the chro-
mophore concentration (and ratios thereof) can be improved.

[0115] TItis appreciated that the actual configuration of the
source-detector assembly does not affect the foregoing
methods of determining the absolute values of the chro-
mophore concentrations and ratios thereof. For example, in
all of the foregoing equations, the only term that depends on
the actual configuration of the source-detector assembly is
“L” or “Lgp,;” representing a linear distance between an i-th
wave source (S;) and a matching j-th wave detector (D)
which is operatively coupled to the i-th wave source so as to
detect the electromagnetic waves irradiated thereby.
Because the L value is pre-determined by the design of the
source-detector assembly and because other system vari-
ables or parameters do not depend upon the L value, the
foregoing methods of the present invention can be used
regardless of the presence or absence of the symmetry
between the wave sources and wave detectors.

[0116] The foregoing symmetric source-detector configu-
rations can be applied to construct two-dimensional optical
probes for the CWS optical monitoring and imaging sys-
tems. In one embodiment, the symmetric wave source-
detector arrangement of FIG. 1 can be stacked in an
alternating manner to form a four-by-four square or rectan-
gular optical probe, e.g., the first and fourth rows having two
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wave detectors interposed between two wave sources while
the second and third rows having two wave sources inter-
posed between two wave detectors. In another embodiment,
such optical probes may be constructed to have different
number of wave sources and/or detectors in the horizontal
and vertical directions. For example, the arrangement of
FIG. 1 can be repeated twice to form a four-by-two probe,
six times to form a four-by-six probe, and so on. In yet
another embodiment, such symmetric wave source-detector
arrangements may also be repeated in an angular fashion to
form circular or arcuate optical probes. In addition, the
repeated rows (or columns) of the wave sources and wave
detectors may be stretched to form trapezoidal optical
probes or stacked to form optical probes having parallelo-
gram shapes. Further embodiments of such symmetric
source-detector configurations and optical probes having
various geometry are provided in the commonly assigned
co-pending U.S. non-provisional patent application bearing
Ser. No. 09/778,614, entitled “Optical Imaging System with
Symmetric Optical Probe” filed on Feb. 6, 2001 which is
incorporated herein in its entirety by reference.

[0117] It is further appreciated that two-dimensional opti-
cal probes for the CWS optical monitoring and imaging
systems can also be constructed based on the foregoing
asymmetric source-detector configurations. For example,
the asymmetric source-detector arrangement can be repeated
at any distances and/or in any order or pattern to form
square, rectangular, arcuate or circular optical probes. It is
noted that such asymmetric wave source-detector arrange-
ment can be repeated (e.g., rows stacked on top of the others)
in pre-determined distances so that the repeated wave
sources and detectors (e.g., a column of wave sources and
detectors) satisfy the foregoing near- and far-distance
requirements.

[0118] The foregoing wave source-detector configurations
and optical probes constructed thereby can also be made to
be linearly displaced and/or to rotate one or more of the
sensors (1.e., wave sources and detectors) while maintaining
optical coupling between such sensors and the medium.
Such an embodiment enables to scan a specific target area
more than once and to provide more measurement data
therefrom, e.g., by arranging the wave sources and detectors
to scan the target area at multiple speeds, along different
scanning paths and/or in different scanning angles, and the
like. Regardless of actual configurations of the source-
detector arrangement, such optical probes with mobile sen-
sor elements enable measurement of the absolute values of
the chromophores and/or construction of images thereof by
using fewer wave sources and detectors. Further details
regarding such optical probes with mobile sensors and
techniques of directly obtaining images therefrom are pro-
vided in the commonly assigned co-pending U.S. non-
provisional patent application bearing Ser. No.09/778,617,
entitled “Optical Imaging System for Direct Image Con-
struction” filed on Feb. 6, 2001 which is incorporated herein
in its entirety by reference.

[0119] In operation, a source module with at least one
wave source and a detector module having at least one wave
detector are provided to a scanning surface of an optical
probe which is operatively connected to a main body of an
optical system. Alternatively, the wave source and/or detec-
tor modules may be disposed in the main body and optical
fibers may be provided to connect the source and detector
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modules to openings provided on the scanning surface of the
optical probe. Any conventional wave sources and detectors
may be used for such optical prove. It is preferred, however,
that the wave sources irradiate electromagnetic waves in the
near-infrared range between 500 nm and 1,200 nm or, in
particular, between 600 nm and 900 mn and that the wave
detectors have appropriate sensitivity to the foregoing elec-
tromagnetic waves. The optical probe is placed on a target
area of the physiological medium, with its scanning surface
disposed on the target area to form an optical coupling
therebetween. The source module is activated so that at least
two sets of electromagnetic waves having different wave
characteristics are irradiated into the medium. The detector
module then picks up different sets of electromagnetic
waves irradiated by the wave source, propagated through the
medium, and directed toward the wave detector. The wave
detector generates electric signals which are delivered to the
processing module of the main body of the optical system.
Based on the experimentally measured intensities of the
electromagnetic waves and at least one system parameter
such as extinction or scattering coefficients of the chro-
mophores, the processing module computes the absolute
values of the concentration of oxygenated and deoxygenated
hemoglobins or the oxygen saturation.

[0120] Tt is noted that the optical system according to the
present invention may include an equation solving module
which is operationally separate from the processing module.
Such an equation solving module may include variety of
numerical models designed perform one or more of the
foregoing methods of the present invention.

[0121] Although the foregoing disclosure has been
directed toward obtaining the absolute values of the con-
centrations of oxygenated and deoxygenated hemoglobins
(and/or their ratios), the foregoing optical systems and
methods may be applicable to obtain the absolute values of
other substances in the medium or properties thereof. For
example, the systems and methods of the present invention
may be directly applied or modified to determine the abso-
lute values of the concentrations (or their ratios) of other
chromophores such as lipids, cytochromes, water, and the
like. Depending upon the absorption or scattering coeffi-
cients, the wavelengths of the electromagnetic waves may be
adjusted for better resolution. In addition, chemical compo-
sitions may be added to the medium to enhance optical
interaction or interference of chromophores in the medium
or to convert an non-chromatic substance of the medium into
a chromophore.

[0122] As described hereinabove, the foregoing optical
systems and methods of the present invention are preferred
to be incorporated to the continuous wave spectroscopic
technology. However, such systems and methods may
readily be incorporated into the time-resolved and phase-
modulation spectroscopic technologies as well.

[0123] The optical systems and methods according to the
present invention find a variety of medical applications. As
described above, such optical monitoring and/or imaging
systems and methods may be applied to measure the abso-
lute values of concentrations of oxygenated and deoxygen-
ated hemoglobin and/or their ratio. Such optical systems will
be beneficial in non-invasively diagnosis of ischemic con-
ditions and/or ischemia in various organs and tissues such
as, e.g., a brain (stroke), heart (ischemia) or other physi-
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ological abnormalities originating from or characterized by
abnormally low concentration of oxy-hemoglobin. In addi-
tion, presence of cancerous tumors in various internal
organs, breasts, and skins may be easily detected as well.
Such optical systems and methods may further be applied to
cells disposed in epidermis, corium, and organs such as a
lung, liver, and kidney. Such optical systems and methods
may also be applied to diagnose vascular occlusion during or
after surgical procedures including transplantation of tis-
sues, skins, and organs, e.g., heart, lung, liver, and kidney.

[0124] Following examples describe simulation and
experimental results obtained by the optical systems and
methods thereof according to the present invention. All
simulation and experimental results indicate that the optical
systems and methods thereof provide accurate predictions
and/or measurements of the concentrations of the hemoglo-
bins and the oxygen saturation.

EXAMPLE 1

[0125] The diffusion equation (3b) was numerically
solved for optical proves with multiple wave sources and
detectors arranged in various configurations. The equations
were applied to a sample physiological medium such as a
semi-infinite, homogeneous diffuse medium with different
background optical properties. Diffuse reflectances were
calculated according to an imaging source approach dis-
closed in an article entitled, “Boundary conditions for the
diffusion equation in radiative transfer” by R. C. Haskell et
al. and published in Journal of Optical Society of America,
vol. 11, p. 2727-2741, 1994. Values of G (i.c., the ratio of o
to F* simulated at different wavelengths) were estimated at
different levels of oxygen saturation (SO,) and fitted as a
polynomial thereof.

[0126] FIGS. 4A to 4C are plots of G’s as a function of
oxygen saturation (SO,). As shown in the figures, all simu-
lation results revealed distinct one-to-one correlations
between G and oxygen saturation (SO,). In addition, all of
the figures indicated that dependence of G upon oxygen
saturation was substantially insensitive to simulated source-
detector configurations and background optical properties.

[0127] Conventional curve-fitting methods, ¢.g., the least-
squares method, were applied to numerically estimate the
cocfficients of polynomial equation (10) (i.c., 0,0, 0y, 0.
.. ). For example, in a system with background reduced
scattering coefficient of 10 cm™ and total hemoglobin con-
centration of 10~* mol/liter irradiated by the electromagnetic
waves having wavelengths of 780 nm and 830 nm, following
polynomial equation was obtained and found to satisfacto-
rily approximated the relation between G and oxygen satu-
ration (SO,):

Fu (18)
G= e 0.728 +0.399-S0, + 0.064- SO + 0.067-S03

EXAMPLE 2

[0128] Further simulations were performed in a system
with the background scatiering of 7 cm™ and the total
hemoglobin concentration of 2x10~* mol/liter. In the simu-
lations, oxygen saturation (SO,) was varied from 0 to 100%.
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FIG. 5 is a plot of calculated oxygen saturation contrasted
against true oxygen saturation. Although the background
properties used to find the correlation between G and oxygen
saturation were quite different, the estimated oxygen con-
centration was accurate with a systematic error of about a
few percent.

EXAMPLE 3

[0129] An exemplary optical system was prepared and
hemoglobin concentrations and the oxygen saturation were
monitored before and after occlusion of arteries of an
extremity in a human subject. In this Example was used the
optical system of FIG. 1 including two wave sources and
two wave detectors arranged in a linear fashion. Two wave
detectors were linearly disposed and separated by 6 mm.
Two wave sources were disposed outside of each wave
detector so that the left wave source was disposed at the left
side of the left wave detector at a distance of 9 mm, and the
right wave source disposed at the right side of the right wave
detector at a distance of 9 mm. Accordingly, each pair of the
wave sources and detectors had identical near-distances and
far-distances.

[0130] The wave sources had an outer diameter of 2 mm
and included laser diodes (model HL6738MG and
HI.8325G, both available from Thorlabs, Inc., Newton, N.J.)
for irradiating electromagnetic waves with wavelengths 690
nm and 830 nm, respectively. Photo-detectors (model
OPT202, available from Barr-Brown, Tucson, Ariz.) were
used as the wave detectors.

[0131] A cuff was placed around the upper arm and the
optical probe was disposed at the fore arm. After the subject
was stabilized, cuff pressure was increased to about 160
mmHg in about 35 seconds, held at the same level for about
40 seconds, and then released to the atmospheric level.
Absolute concentrations of total hemoglobin, oxygenated
hemoglobin, and deoxygenated hemoglobin were moni-
tored, and the oxygen saturation was calculated therefrom.

[0132] FIG. 6 is a time-course plot of total hemoglobin
(HbT) concentration, oxygenated hemoglobin (HbO) con-
centration, and deoxygenated hemoglobin (Hb) concentra-
tion according to the present invention, and FIG. 7 is a
time-course plot of oxygen saturation according to the
present invention. As shown in the figures, hemoglobin
concentrations and oxygen saturation decreased sharply
during the initial phase of occlusion, followed by a gradual
decrease thereof. After the release, concentrations and oxy-
gen saturation showed rapid increase. These results demon-
strated that the optical systems and methods according to the
present invention provided accurate predictions of the hemo-
globin concentrations as well as the oxygen saturation.
These results also showed that the optical systems possessed
proper temporal response characteristics.

EXAMPLE 4

[0133] An exemplary optical imaging system was con-
structed to obtain images of two-dimensional distribution of
blood volume and oxygen saturation in female human
breasts. FIG. 8 is a schematic diagram of a prototype optical
imaging system according to the present invention.

[0134] Prototype optical imaging system 100 included a
handle 101 and a main housing 105. Handle 101 was made
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of poly-vinylchloride (PVC) and acrylic stock, and provided
with two control switches 103a, 1035 for controlling opera-
tions of various components of system 100. Main housing
105 included a body 110, a movable member 120, an
actuator member 130, an imaging member (not shown), and
a pair of guiding tracks 160.

[0135] Body 110 was shaped as a substantially square
block (3.075"x2.8"%2.63") and provided with barriers along
its sides. Body 110 was arranged to movably couple with
rectangular movable member 120 (1.5"x2.8"x1.05")
designed to linearly translate along a path substantially
parallel with one side of body 110.

[0136] Movable member 120 was arranged to have the
source-detector arrangement which was similar to that of
FIG. 3. For example, movable member 120 included two
wave sources 122, S, and S,, each of which was capable of
irradiating electromagnetic waves having different wave-
lengths. In particular, each wave source 122 included two
laser diodes, HL.8325G and HL6738MG (ThorLabs, Inc.,
Newton, N.J.), where each laser diode irradiated the elec-
tromagnetic waves with wavelengths of 690 nm and 830 nm,
respectively. Movable member 120 also included four iden-
tical wave detectors 124 such as photo-diodes D, D,, D;,
and D,, (OPT202, Burr-Brown, Tucson, Ariz.) which were
interposed substantially linearly between wave sources 122.
Wave sources 122 and detectors 124 were spaced at identical
distances such that the foregoing sensors 122, 124 satisfy the
foregoing near- and far-distance requirements or symmetry
requirements.

[0137] Actuator member 130 included a high-resolution
linear-actuating-type stepper motor (Model 26000, Haydon
Switch and Instrument, Inc., Waterbury, Conn.) and a motor
controller (Spectrum PN 42103, Haydon Switch and Instru-
ment, Inc.). Actuator member 130 was mounted on body 110
and engaged with movable member 120 so as to linearly
translate movable member 120 along guiding tracks 160
fixedly positioned along the linear path. A pair of precision
guides (Model 6725K11, McMaster-Carr Supply, Santa Fe
Springs, Calif.) was used as guiding tracks 160.

[0138] The imaging member was provided inside handle
101 and had a data acquisition card (DAQCARD 1200,
National Instruments, Austin, Tex.). Main housing 105 was
made of acrylic stocks and constructed to open at its front
face. Perspex Non-Glare Acrylic Sheet (Liard Plastics, Santa
Clara, Calif.) was installed on a front face 106 of housing
105 and used as a protective screen to protect wave sources
122 and detectors 124 from damages.

[0139] In operation, movable member 120 was positioned
in its starting position, i.c., the far-left side of body 105. An
operator turned on the main power of system 100 and tuned
wave sources 122 and detectors 124 by running scanning
system software. A breast of a human subject was prepped
and body 105 was positioned on the breast so that sensors
122, 124 of movable member 120 were placed in a first
target area of the breast and formed appropriate optical
coupling therewith. The first target area was scanned by
clicking one control switch 103z on handle 101. Actuator
member 130 translated movable member 120 linearly along
one side of body 110 along guide tracks 160.

[0140] Wave sources 122 were synchronized to ignite their
laser diodes in a pre-selected sequence. For example, a first
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laser diode of the wave source, S, was arranged to irradiate
electromagnetic waves of wavelength 690 nm and wave
detectors 124 detected the waves and generated a first set of
output signals in response thereto. During the foregoing
irradiation and detection period which generally lasted about
1 msec (with duty cycle from 1:10 to 1:1,000), all other laser
diodes were turned off to minimize interference noises. After
completing the irradiation and detection, the first laser diode
of the wave source, S;, was turned off and the first laser
diode of the wave source, S, was turned on to irradiate
electromagnetic waves of the same wavelength, 690 nm.
Wave detectors 124 detected the waves and generated a
second set of output signals accordingly. Other laser diodes
were maintained at off positions during the foregoing irra-
diation and detection period as well. Similar procedures
were repeated to the second laser diodes of the wave
sources, S; and S,, where both second laser diodes were
arranged to sequentially irradiate the electromagnetic waves
having wavelengths 830 nm.

[0141] The imaging member was also synchronized with
wave sources 122 and detectors 124 and sampled the fore-
going sets of output signals in a pre-selected sampling rate.
In particular, the imaging member was arranged to process
such output signals by defining a first and second scanning
units, where the first scanning unit was comprised of the
wave sources, S; and S,, and the wave detectors, D, and D,
and the second scanning unit was made up of the wave
sources, S; and S,, and the wave detectors, D, and D5. Both
of the first and second scanning units had the source-detector
arrangement that satisfied the foregoing symmetry require-
ments. Therefore, absolute values of the concentrations of
the oxygenated and deoxygenated hemoglobins were
obtained by the equations (84) and (8b), and oxygen satu-
ration, SO,, by equation (9b). Furthermore, relative values
of blood volume (i.e., temporal changes thereof) was cal-
culated by assessing the changes in hematocrit in the target
areas.

[0142] Actuator member 130 was also synchronized with
the foregoing irradiation and detection procedures so that
wave sources 122 and detectors 124 scanned the entire target
area (ic., irradiating electromagnetic waves thereinto,
detecting such therefrom, and generating the output signals)
before they were moved to the next adjacent region of the
target area by actuator member 130. When movable member
120 reached the opposing end of body 110, actuator member
130 translated movable member 120 linearly to its starting
position. The foregoing irradiation and detection procedures
were repeated during such backward linear movement of
movable member 120 as well. After the scanning procedure
was completed, the operator pushed the other control switch
1035 to send a signal to the imaging member which started
image construction process and provided two-dimensional
images of spatial distribution of the oxygen saturation in the
target area and the temporal changes in the blood volume
therein.

[0143] FIGS. 9A and 9B are two-dimensional images of
blood volume in normal and abnormal breast tissues, respec-
tively, both measured by the optical imaging system of FIG.
8. In addition, FIGS. 10A and 10B arc¢ two-dimensional
images of oxygen saturation in normal and abnormal breast
tissues, respectively, both measured by the optical imaging
system of FIG. 8 according to the present invention. As
shown in the figures, the optical imaging system provided
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that normal tissues had the higher oxygen saturation (c.g.,
over 70%) in the area with the maximum blood volume.
However, the higher oxygen saturation in the corresponding
area of the abnormal tissues was as low as 60%.

[0144] Tt is to be understood that, while various embodi-
ments of the invention has been described in conjunction
with the detailed description thereof, the foregoing is
intended only to illustrate and not to limit the scope of the
invention, which is defined by the scope of the appended
claims. Other embodiments, aspects, advantages, and modi-
fications are within the scope of the following claims.

What is claimed is:
1. A system for determining concentrations of chro-
mophores in a physiological medium, comprising:

a source module to irradiate into said medium at least two
sets of electromagnetic radiation having different wave
characteristics;

a detector module to detect electromagnetic radiation
transmitted through said medium; and

a processing module operatively coupled with said detec-
tor module to determine an absolute value of at least
one of said concentrations from electromagnetic radia-
tion irradiated from and detected by said source and
detector modules,

wherein said determination is based only on intensity
measurements of continuous wave electromagnetic
radiation from the source module.

2. A system according to claim 1, wherein said chro-
mophores are hemoglobins including oxygenated hemoglo-
bin and deoxygenated hemoglobin.

3. A system according to claim 1, wherein said physi-
ological medium includes cells of at least one of organs,
tissues, and body fluids.

4. A system according to claim 3, wherein at least some
cells are abnormal.

5. A system according to claim 4, wherein said abnormal
cells are tumor cells.

6. A system according to claim 4, wherein said cells are
disposed in at least one of epidermis, and corium of an
internal organ including at least one of a brain, heart, lung,
liver, and kidney.

7. A system according to claim 4, wherein said cells are
those of a transplanted organ.

8. A system according to claim 7, wherein said trans-
planted organ includes at least one of a brain, heart, lung,
liver, and kidney.

9. A system according to claim 1, wherein said wave
characteristics include at least one of wavelengths, phase
angles, amplitudes and harmonics.

10. A system according to claim 9, wherein a first set of
said electromagnetic waves has a first wavelength and a
second set of said electromagnetic waves has a second
wavelength, which is different from said first wavelength.

11. A system according to claim 9, wherein a first set of
said electromagnetic waves includes a first carrier wave and
a second set of said electromagnetic waves includes a
second carrier wave which has wave characteristics different
from those of said first carrier wave.

12. A system according to claim 11, wherein said wave
characteristics include at least one of wavelengths, phase
angles, amplitudes, harmonics, and a combination thereof.
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13. A system according to claim 1, wherein said process-
ing module determines said absolute value a parameter
accounting for optical interaction properties of electromag-
netic waves with said medium.

14. A system according to claim 13, wherein said pro-
cessing module uses a mathematical expression including at
least one parameter dependent on one of: optical properties
of said medium and configuration of said source module and
detector module.

15. A system according to claim 14, wherein said math-
ematical expression comprises a polynomial of at least one
of said concentrations and said ratios thereof.

16. A system according to claim 13, wherein said math-
ematical expression includes a term substantially dependent
on one or more of: optical properties of said medium and
configuration of said source module and detector module,
which term is approximated as a constant.

17. A system according to claim 1, wherein said process-
ing module uses the mathematical expression:

I=apylexp{-B Ld%,(¢C))+07},

wherein I, is a variable for an intensity of electromagnetic
waves irradiated by said source module, I is a variable
for an intensity of electromagnetic waves detected by
said detector module, a is a parameter associated with
at least one of said source module and medium, f} is a
parameter associated with at least one of said detector
module and medium, y is one of a proportionality
constant and a parameter associated with at least one of
said source module, detector module, and medium, B is
a parameter accounting for a length of an optical path
of electromagnetic waves through said medium and
associated with at least one of said source module,
detector module, and medium, L is a parameter
accounting for a distance between said source module
and said detector module, 8 is one of a proportionality
constant and a parameter associated with at least one of
said source module, detector module, and medium, €,
is a parameter accounting for an optical interaction
between electromagnetic waves and an i-th chro-
mophore in said medium, C; is a variable denoting
concentration of said i-th chromophore, and o. is one of
a proportionality constant and a parameter associated
with at least one of said source module, detector
module, and medium.

18. A system according to claim 17, wherein said param-
cter B is a path length factor.

19. A system according to claim 17, wherein said param-
eter €, is at least one of a medium extinction coefficient,
medium absorption coefficient, and medium scattering coef-
ficient.

20. A system according to claim 1, wherein said source
module includes at least one wave source and said detector
module includes at least two wave detectors.

21. A system according to claim 1, wherein said source
module includes at least two wave sources and said detector
module includes at least one wave detector.

22. A system according to claim 1, wherein said source
module and said detector module include, respectively, at
least two wave sources and at least two wave detectors.

23. A system according to claim 22, wherein said pro-
cessing module uses the mathematical expression:

Imn=cxm[$ny10,mexp {_anLmnéxl(elcl)"'c}z
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wherein I, is a variable for an intensity of electromag-
netic waves irradiated by an m-th wave source, I isa
variable for an intensity of electromagnetic waves
irradiated by said m-th wave source and detected by an
n-th wave detector, o, is a parameter associated with at
least one of said m-th wave source and medium, 5, is
a parameter associated with at least one of said n-th
wave detector and medium, y is one of a proportionality
constant and a parameter associated with at least one of
said m-th wave source, n-th wave detector, and
medium, B, is a parameter accounting for a length of
an optical path of electromagnetic waves through said
medium and associated with at least one of said m-th
wave source, n-th wave detector, and medium, L is a
parameter accounting for a distance between said m-th
wave source and n-th wave detector, & is one of a
proportionality constant and a parameter associated
with at least one of said m-th wave source, n-th wave
detector, and medium, € is a parameter accounting for
an optical interaction between electromagnetic waves
and an i-th chromophore included in said medium, C,
is a variable denoting concentration of said i-th chro-
mophore, and o is one of a proportionality constant and
a parameter associated with at least one of said m-th
wave source, n-th wave detector, and medium, wherein
both of said subscripts m and n are non-zero positive
integers.

24. A system according to claim 23, wherein said param-
eter B___ is a path length factor associated with at least one
of said m-th wave source, n-th wave detector, and medium.

25. A system according to claim 23, wherein said param-
eters y and 9 are configured to be substantially close to a
unity so that said expression is simplified to

Lo =0l m€XP{~Brnnl 21 (€,C )40}

26. A system according to claim 22, wherein said source
module includes a first wave source and a second wave
source and wherein said detector module includes a first
wave detector and a second wave detector,

said wave sources and wave detectors configured so that
a distance between said first wave source and said first
wave detector is substantially similar to that between
said second wave source and said second wave detec-
tor, and that a distance between said first wave source
and said second wave detector is substantially similar
to that between said second wave source and said first
wave detector.

27. A system according to claim 22, wherein said source
module has at least M wave sources and said detector
module has at least N wave detectors, and M and N are
integers greater than 1,

said wave sources and wave detectors configured so that
a distance between an M;-th wave source and an N, -th
detector is substantially similar to that between an
M,-th wave source and an N,-th wave detector, and that
a distance between said M;-th wave source and said
N,-th wave detector is substantially similar to that
between said M,-th wave source and said N;-th wave
detector, wherein said M; and M, are both integers
between 1 and M, and wherein said N; and N, are both
integers between 1 and N.
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28. A system according to claim 22, wherein two or more
wave detectors are disposed substantially along a straight
line, and two wave sources are disposed on opposite sides of
the straight line.

29. A system according to claim 28, wherein all wave
detectors are disposed substantially along said straight line.

30. A system according to claim 22, wherein said detector
module includes at least three wave detectors disposed
substantially along a straight line.

31. A system for determining concentrations of chro-
mophores in a physiological medium, comprising:

one or more sources irradiating into said medium at least
two sets of near-infrared electromagnetic waves having
different wave characteristics;

one or more detectors detecting electromagnetic waves
transmitted through said medium,;

input means for entering input parameter data; and

a processing module determining absolute values of at
Ieast one of said concentrations,

wherein said determination is not based on measuring
phase characteristics of the electromagnetic radiation
received from said one or more detectors, or the
response of the medium to an electromagnetic impulse
from said one or more sources.
32. A system for determining concentrations of chro-
mophores in a physiological medium, comprising:

at least one source for irradiating into said medium at least
two sets of electromagnetic waves having different
wave characteristics;

at least one detector for detecting electromagnetic waves
transmitted through said medium,;

a processor coupled to the at least one detector computing
one of: absolute values of said concentrations and ratios
of said concentrations,

wherein said computation is based only on intensity
measurements of continuous wave electromagnetic
radiation from the source module
33. A method for determining concentrations of chro-
mophores in a physiological medium using a system having
at least one wave source and at least one wave detector,
wherein electromagnetic waves are irradiated by said wave
source, transmitted through the physiological medium, and
detected by said wave detector, the method comprising the
steps of:

irradiating at least two sets of electromagnetic waves
having different wave characteristics to obtain a plu-
rality of measurements;

providing a mathematical expression relating said plural-
ity of measurements to parameters of the system, and
parameters associated with said medium;

eliminating source-dependent and detector-dependent
parameters from the provided mathematical expres-
sion; and

determining an absolute value of at least one of said
concentrations, wherein said determination is based
only on intensity measurements of continuous wave
electromagnetic radiation and pre-determined chro-
mophore-dependent parameters.
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34. The method of claim 33, wherein the mathematical
expression includes a wave equation is expressed as:

I=apyoexp{-B L 8Z,(e,C,)+0},

wherein I is a variable for an intensity of electromagnetic
waves irradiated by at least one source, I is a variable
for an intensity of electromagnetic waves detected by at
least one detector, ¢ is a parameter associated with at
the least one source and the medium, f§ is a parameter
associated with the at least one detector and the
medium, y is one of a proportionality constant and a
parameter associated with at least one source, detector
and medium, B is a parameter accounting for lengths of
optical paths of electromagnetic waves through said
medium and associated with at least one source, detec-
tor and medium, L is a parameter accounting for a
distance between the source and the detector, 0 is one
of a proportionality constant and a parameter associated
with at least one of the source, detector, and medium,
€, Is a parameter accounting for A interaction between
electromagnetic waves and an i-th chromophore in said
medium, C, is a variable denoting concentration of said
i-th chromophore, and o is one of a proportionality
constant and a parameter associated with at least one of
said source, detector, and medium.

35. A method for determining concentrations of chro-
mophores in a physiological medium using a system having
at least one wave source and at least one wave detector by
application of a wave equation having a form:

L pod om€XP {~Buasl 02 6C0T,

wherein I, is a variable representing an intensity of
electromagnetic waves irradiated by the m-th wave
source, [, 1s a variable for an intensity of electromag-
netic waves irradiated by the m-th wave source and
detected by the n-th detector, o, is a parameter asso-
ciated with the m-th wave source and the medium, f§,
is a parameter associated with the n-th wave detector
and the medium, y is one of a proportionality parameter
associated with at least one of wave source, detector,
and medium, B, is a parameter accounting for lengths
of optical paths of electromagnetic waves through said
medium and associated with the m-th wave source, n-th
wave detector, and the medium, L, is a parameter
accounting for a distance between the m-th wave
source and the n-th wave detector, & is one of a
proportionality parameter associated with at least one
wave source, wave detector, and medium, €, 1s a
parameter accounting for an optical interaction
between electromagnetic waves and an i-th chro-
mophore in said medium, C, is a variable for concen-
tration of said i-th chromophore, and C is one of a
proportionality parameter associated with a wave
source, wave detector, and medium, said method com-
prising the steps of:

irradiating a first and second set of electromagnetic waves
having different wave characteristics and measuring
signals received from the medium to obtain two sets of
equations relating the measured signals with unknown
parameters in the wave equation;

eliminating at least one of the parameters o, p,, ¥, 9, and
o from the wave equation using the first and second set
of equations to obtain a third set of equations;
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obtaining an expression for an absolute value of at least
one of said concentrations based on values associated
with I, I, .., and €;, following the step of eliminating.

36. The method of claim 35 further comprising the steps
of:

applying said system to said physiological medium
including cells of at least one of organs, tissues, and
body fluids; and

measuring said absolute value of at least one of said
concentrations based on said values of I, I_ ., ande;.

37. The method of claim 36, wherein said measuring step
comprises the step of:

monitoring at least one of oxygenated hemoglobin con-
centration, deoxygenated hemoglobin concentration,
and a ratio thereof.

38. The method of claim 37 further comprising the step of
determining a presence of tumor cells over a finite area of
said medium.

39. The method of claim 37 further comprising the step of
determining a presence of an ischemic condition over a finite
area of said medium.

40. The method of claim 35 further comprising the steps
of applying said system to said physiological medium
including transplanted cells of at least one of organs and
tissues; and

measuring said absolute value of at least one of said
concentrations and said ratios thereof based on said [
I, > and €.

41. The method of claim 40 further comprising the step of
determining a presence of an ischemic condition over a finite
area of said medium.

42. The method of claim 35, wherein said eliminating step
comprises the step of: approximating unknown equation
parameters as constants.

43. The method of claim 35, wherein said obtaining step
comprises the step of irradiating said first and second set of
clectromagnetic waves having at least one of different
wavelengths, phase angles, amplitudes and harmonics.

44. The method according to claim 43, wherein said
irradiating step comprises the steps of:

mn?’

providing said first set of electromagnetic waves with a
first wavelength; and

providing said second set of electromagnetic waves with
a second wavelength which is different from said first
wavelength.
45. The method of claim 35, wherein said eliminating step
comprises the step of:

taking at least one first ratio of two wave equations both
selected from one of said first and second sets of wave
equations.
46. The method of claim 45, wherein said eliminating step
comprises the step of:

solving said wave equations for the same wave source
with different wave detectors, thereby eliminating o,
v, and o from said first ratio.
47. The method of claim 45, wherein said eliminating step
comprises the step of:

solving said wave equations for at least two different wave
sources and one wave detector, thereby eliminating 5,
v, and a from said first ratio.
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48. The method of claim 45, wherein said eliminating step
comprises the step of:

taking at least one second ratio of two wave equations
both selected from the other of said first and second sets
of wave equations.
49. The method of claim 48, wherein said eliminating step
comprises the step of:

obtaining at least one of a sum of and a difference between
said first and second ratios so as to eliminate at least
one of o and f, therefrom.
50. The method of claim 35, wherein said providing step
comprises the step of:

expressing a formula of said medium-dependent and said
geometry-dependent parameters as a polynomial of at
least one of said concentrations.

51. The method of claim 50, wherein said polynomial
includes a zero-th order term.

52. The method of claim 35, wherein said providing step
comprises the step of approximating at least one medium-
dependent or geometry-dependent parameter as a constant.

53. A method for determining concentrations of chro-
mophores in a physiological medium using a system having
at least one wave source and at least one wave detector using
a mathematical expression having the form:

Imn=amﬁnyjo,mexp{_anLmn621 (€1C1)+0}7

wherein I, is a variable representing an intensity of
electromagnetic waves irradiated by an m-th wave
source, [, 1s a variable for an intensity of electromag-
netic waves irradiated by said m-th wave source and
detected by an n-th wave detector, o, 1s a parameter
associated with at least one of said m-th wave source
and medium, {3, is a parameter associated with at least
one of said n-th wave detector and medium, y is one of
a proportionality constant and a parameter associated
with at least one of said m-th wave source, n-th wave
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detector, and medium, B, is a parameter accounting
for lengths of optical paths of electromagnetic waves
through said medium and associated with at least one of
said m-th wave source, n-th wave detector, and
medium, L is a parameter accounting for a distance
between said m-th wave source and n-th wave detector,
0 is a one of a proportionality constant and a parameter
associated with at least one of said m-th wave source,
n-th wave detector, and medium, €, is a parameter
accounting for an optical interaction between electro-
magnetic waves and an i-th chromophore in said
medium, Ci is a variable for concentration of said i-th
chromophore, and o is one of a proportionality constant
and a parameter associated with at least one of said
m-th source, n-th detector, and medium, said method
comprising the steps of:

irradiating a first and second set of electromagnetic waves
having different wave characteristics and measuring
signals received from the medium to obtain at least two
sets of equations relating the measured signals with
unknown parameters in the wave equation;

eliminating at least one of a, B, 7, 8, and o from the
obtained wave equations;

defining parameters of the mathematical expression
including B, and L as a function of at least one of
said concentrations; and

determining concentrations of chromophores in a physi-

ological medium.

54. The method of claim 53 further comprising the step of
obtaining values of said intensities of electromagnetic waves
and said extinction coefficients of said chromophores.

55. The method of claim 54 further comprising the step of
obtaining the absolute value of at least one of said concen-
trations and said ratios thereof.
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